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Invertebrates, like the late
comedian Rodney Dangerfield,
don’t get no respect, at least
when it comes to their capacity
for learning. This point was
brought home to me one evening
several years ago at a Japanese
restaurant in Los Angeles, where I
had taken our seminar speaker,
Professor X, for dinner. I was
describing the latest
developments in my laboratory
when the professor made a blunt
pronouncement: “invertebrates
don’t learn”, he told me. After I
had recovered from choking on
the piece of abalone sushi in my
mouth, I asked X how he could
hold such an absurd belief in the
face of significant scientific
evidence to the contrary. Blandly,
X replied that the lives of
invertebrates place such simple
demands upon them that they do
not require the ability to learn to
survive.
Although few neuroscientists
who work on learning in
vertebrates would publicly admit
to a prejudice as extreme as that
of Professor X, all too many
seem to treat studies of
invertebrate learning with benign
neglect, if not mild contempt. To
those of us who work on learning
in invertebrate systems this
situation is frustrating; higher
invertebrates exhibit
sophisticated learning abilities
that, in some instances,
represent true cognition [1]. But,
surely, we have ourselves partly
to blame. For over two decades,
neurobiologists of invertebrate
learning and memory have
overemphasized the importance
of simple presynaptic, or
nonsynaptic, learning
mechanisms [2,3]. It is therefore
not surprising that students of
vertebrate learning might
question the relevance of
invertebrate studies for their own
systems. As they well realize, the
cell biology of vertebrate learning
is far from simple; furthermore, it
appears to comprise elegant
mechanisms of associative
plasticity, such as N-methyl-D-
aspartate (NMDA) receptor-
dependent long-term
potentiation (LTP) [4,5] and
complex postsynaptic changes,
such as modulation of the
trafficking of postsynaptic a-
amino-3-hydroxy-5-methyl-4-
isoxazolepropionate (AMPA)
receptors [6].
Enter the important new study
by Xia et al. [7], reported recently
in Current Biology. First, some
background: fifty-six years ago
the Canadian psychologist
Donald Hebb [8] proposed a
cellular model for how synapses
in the brain might become
strengthened during associative
learning. His proposal, commonly
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Associative Learning: Hebbian
Flies
Fruit flies can learn to associate an odor with an aversive stimulus,
such as a shock. New findings indicate that disrupting the expression
of N-methyl-D-aspartate (NMDA) receptors in flies impairs olfactory
conditioning. The findings provide support for a critical role for NMDA
receptors in associative learning.
known as ‘Hebb’s hypothesis’, is
familiar to every modern student
of memory. Hebb’s hypothesis
proposes that when the activity of
one neuron repeatedly causes, or
contributes to, the firing of
another neuron, the synapse
between the two will become
strengthened. The key idea here
is the requirement for synchrony
of presynaptic and postsynaptic
activity. 
Of equal importance to Hebb’s
theoretical speculation was the
discovery by Bliss and Lømo [9]
in 1973 of long-term potentiation
(LTP), a form of long-term
synaptic enhancement. Because
LTP was discovered at synapses
in the hippocampus, a structure
known from human clinical
literature to be critical for certain
forms of memory, many
neuroscientists found attractive
the idea that LTP might play a
role in learning and memory.
Interest in LTP further intensified
following the recognition that
activation of postsynaptic NMDA
receptors was the mechanism of
LTP induction at many
hippocampal synapses [10]. Soon
after came the stunning
confirmation from
electrophysiological experiments
that LTP in the hippocampus
could be induced in precisely the
manner Hebb had envisaged [11]. 
Almost immediately, the race
was on to prove that NMDA
receptor-dependent LTP
mediated learning. A variety of
experimental techniques have
been used to link LTP with
memory [4]; to many, however,
the most persuasive evidence that
LTP is crucial to memory has
come from studies of knockout
mice missing the gene for the NR1
subunit of the NMDA receptor [5].
These mutant mice lack NMDA
receptor-dependent LTP in their
hippocampi, and exhibit deficient
spatial learning. 
But skeptics have found the
NR1 knockout mice data
unconvincing. Because the NR1
protein is missing throughout
development, the brains of these
mice may develop abnormally.
Although the gross neuroanatomy
of the NR1 knockouts appears
normal, it is difficult to prove
beyond doubt that the neural
circuits that mediate spatial
learning — which are poorly
understood — are functionally
intact in the mutants. Also, the
learning task used in the NR1
knockout mouse studies — place
navigation in the Morris water
maze [4] —is complex, and the
precise role of LTP in this task is
unclear [12]. 
Recently, an inducible genetic
technique has been used to
eliminate NR1 from the forebrain
of adult mice [13]. (This inducible
genetic lesion requires 5 days.)
After induction of the knockout
the mice are impaired in
contextual Pavlovian fear
conditioning, a hippocampal-
dependent form of learning.
Nonetheless, doubts persist
concerning the data from
transgenic mouse studies of
memory.
In their study, Xia et al. [7]
asked whether NMDA receptors
participate in a form of Pavlovian
conditioning in Drosophila [14]. As
it happens, NMDA receptors are
not unique to vertebrates:
molecular and/or pharmacological
evidence exists for NMDA
receptors in several invertebrate
phyla, including mollusks [15],
arthropods [16], annelids [17] and
nematodes [18]. Xia et al. cloned
two Drosophila NMDA receptor
genes, dNR1 [16] and dNR2, the
protein products of which show
significant amino acid sequence
similarity to vertebrate NR1 and
NR2 subunits, and both of which
are expressed in neurons in the
fly’s brain.
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Figure 1. Pavlovian learning
in Drosophila is mediated
by NMDA receptors.
(A) The apparatus and
method used for olfactory
conditioning of fruit flies.
Flies are initially placed in a
training chamber and
exposed to an odor (Odor
1, the conditioned stimulus
or CS) for 60 seconds
while receiving strong
electric shocks (the uncon-
ditioned stimulus or US).
Next they are exposed to a
second (control) odor, also
for 60 seconds (not
shown), without being
shocked. Then the flies are
moved to a choice point
where they are allowed to
choose to go to either the
shocked odor (Odor 1) or
the unshocked control
odor (Odor 2). Although
only one fly is shown, in
practice ~150 flies are
trained together. The
amount of learning is
quantified as the fraction
of flies that choose to
avoid the shocked odor
minus the fraction of flies
that avoid the control odor.
(B) Theoretical cellular
model for NMDA receptor
(NMDAR)-dependent synaptic plasticity during olfactory conditioning. Presentation of
the odor (CS) activates neurons of the fly’s olfactory sensory pathway, which causes
release of the transmitter glutamate (Glu). The electric shocks (US) activate unknown
interneurons (grey), which in turn produce strong depolarization, and possibly firing, of
neurons postsynaptic to those initially activated by the CS. (The strong postsynaptic
depolarization removes the blockade of the NMDA receptor channel by extracellular
Mg2+.) The temporally contiguous presynaptic glutamate release and postsynaptic
depolarization produced by paired CS–US stimulation activate NMDA receptors in the
postsynaptic dendrite. Subsequent entry of Ca2+ into the dendrite through open NMDA
receptor channels results in downstream cellular changes that strengthen the connec-
tion between the presynaptic and postsynaptic neurons. Also shown are AMPA-type
glutamate receptors that mediate basal synaptic transmission.
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Xia et al. [7] next produced
mutants with disruptions of dNR1,
and tested the effect of the
mutations on the flies’ ability to
associate an odor with an
electrical shock (Figure 1A). The
mutant flies exhibited reduced
learning, as indicated by their lack
of avoidance of the odor that had
been previously paired with
shock. This result parallels the
earlier studies using NR1
knockout mice [5]. 
They then used a clever
technique to induce rapid,
conditional disruptions of NMDA
receptor function. Mutant flies
were generated with a
transposable P element carrying
an enhancer and basal promoter
(EP) inserted downstream of, and
in the opposite orientation to, the
transcription start site of dNR1.
The activity of the EP element
could be regulated because it
contained an enhancer sequence
responsive to the yeast
transcription factor GAL4. These
flies were crossed with
transgenic flies containing a
GAL4 gene under the control of a
heat-shock promoter. Offspring
heterozygous for the EP element
insertion and the GAL4-heat
shock system — EP/+, hs-
GAL4/+ flies — were raised to
adulthood at their normal
temperature (18°), and then
warmed to 30° for several hours. 
Heat shock induced an
antisense transcript of dNR1 in
these transgenic flies, resulting in
a significant reduction in dNR1
protein in the fly brains when
measured 15 hours after heat
shock. The acute disruption of
NMDA receptors produced
deficient Pavlovian learning,
compared to both wild-type and
transgenic flies not subjected to
heat shock. Furthermore,
learning was normal in heat-
shocked flies without the
transgene. Impressively, when
the EP/+, hs-GAL4/+ flies were
trained 36 hours following heat
shock, their learning was normal,
presumably because the dNR1
protein had returned to pre-heat-
shock levels. 
In further experiments, Xia et
al. [7] found that long-term
memory (LTM) — memory lasting
at least a day, which can be
induced in normal flies by training
with multiple trials spaced in time
of odor plus shock — is impaired
in the transgenic flies when they
are trained starting 15 hours after
heat shock. Previous results have
implicated the cyclic (c)AMP
response element binding protein
(CREB) in LTM in flies [14]; thus,
spaced training may cause
NMDA receptor-dependent
activation of CREB in the
Drosophila brain.
The study by Xia et al. [7] is a
tour de force. Their results
eliminate developmental
abnormalities as an explanation
for the results of their transgenic
fly experiments, and provide
convincing evidence that NMDA
receptors are critical for both
learning and LTM. But a great
deal of work remains to be done.
First, the critical Hebbian
synapses for olfactory
conditioning have not been
identified in the fly’s brain [19]
(Figure 1B). Interestingly, Xia et al.
[7] report that their NMDA
receptor antibodies did not
preferentially label neurons in the
mushroom bodies, bilateral
structures in the insect brain
known to be essential for
olfactory conditioning [14];
however, several interneurons
that project to the mushroom
bodies showed strong labeling. 
Second, extensive work with
mutant flies has indicated that the
cAMP signaling pathway is
necessary for conditioning, and
activation of this pathway is
believed to occur via release of
monoamines [14]. Important
outstanding issues, therefore, are
the respective roles of NMDA
receptor-dependent and cAMP-
dependent pathways in
Drosophila learning and memory,
and the possible interaction of
these pathways during
conditioning.
In summary, the findings of Xia
et al. provide strong support for
the idea that invertebrates learn
(pace Professor X) using NMDA
receptors [20]. This unexpected
insight suggests the exciting
prospect of a unified cellular
model for associative learning,
one that holds for both
vertebrates and invertebrates. But
it won’t be simple.
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Thomas S. Collett
Over many decades behavioural
studies of the foraging behaviour
and navigation of honeybees have
uncovered an abundance of
sophisticated behavioural
mechanisms [1], and happily there
are still illuminating phenomena to
be explored. Bee behaviour
seems so complex and
sophisticated that the temptation
exists to employ concepts of
cognitive psychology when
describing it. A possible danger of
using such metaphors is that they
may seduce us away from
analysing whether there might be
explanations that are more
appropriate to the life style and
neural mechanisms of bees.
One research area that
illustrates this complexity is
learning and memory as it relates
to navigation and foraging [2,3].
Individual honeybees can learn
several routes taking them from
their nest to different foraging
areas. The routes may be
separate or partly overlapping. In
order to follow these routes, bees
recall sequences of memories and
employ a variety of cues to ensure
that the appropriate memory is
primed when needed. The time of
day can both determine which
route a bee takes and which
visual or olfactory stimulus it
chooses at its destination [4,5].
The surrounding spatial panorama
can trigger the recall of memories
of local features [6]. Such spatial
contextual cues allow desert ants
[7] or hunting wasps [8] that have
been displaced to part way along
a route to recognise their location
on the route and to rejoin it. A
recent focus has been on
‘sequential priming’, the ability of
one signpost along a route to
prime the memory of the next
signpost to be followed.
Shaowu Zhang and his
collaborators [9–11] have been
analysing sequential priming in
small-scale Y mazes, in which
bees are taught two routes, each
comprising a sequence of two
visual stimuli. At the entrance to
the Y maze, the bee sees an
indicator or sample stimulus,
such as a prominent patch of blue
or green. The colour of this
indicator stimulus tells the bee
which comparison stimulus
should later be approached at the
choice point. For example, if the
bee sees a green indicator, it
should approach the arm of the Y
that displays a pattern of
horizontal black and white
stripes, but should avoid the arm
with a pattern of vertical black
and white stripes. On the other
hand, if the indicator colour is
blue, the bee should approach
the vertical stripes and avoid the
horizontal ones. The bee’s correct
choice of stimulus in the Y after
seeing one or other indicator
colour shows that it has acquired
two sequences of stimuli,
symbolised for brevity as A–B and
X–Y, and that seeing A primes a
memory for B, and seeing X
primes a memory for Y.
Giurfa et al. [10] also taught
bees to perform what is called a
‘delayed matching to sample’
task, in which seeing blue as the
sample colour tells the bee that it
must later choose blue over green
in the Y maze, and seeing green
tells the bee to choose green in
preference to blue. Here the two
sequences are A–A and X–X.
Lastly, bees can perform the
opposite task, delayed non-
matching to sample, where they
learn that blue should be followed
by green and that green should be
followed by blue: A–X and X–A.
Zhang et al. have now [11]
examined how long after seeing A
or X the priming signal persists
and influences the bees’
subsequent choice.
To discover how great a
distance or delay can be imposed
between a bee seeing a sample
pattern and choosing the arm of
the Y that carries the same
pattern, Zhang et al. [11] used an
experimental set-up in which the
bees flew slowly through a narrow
channel, where they saw a sample
pattern fixed to a baffle (Figure 1).
The sample patterns of the two
routes were diagonal blue and
white stripes, oriented in one case
at 45° clockwise from the vertical
and in the other at 45°
anticlockwise. The channel
opened into a decision chamber
containing both patterns of
stripes. Bees could reach a
sucrose reward by approaching
the stripes that matched the
sample that they had viewed
previously in the channel.
Bees were trained with the
sample in the channel always
placed at 25 cm from the decision
chamber. In tests, the delay
between seeing the sample
pattern and choosing the
comparison pattern was
increased by shifting the sample
along the channel away from the
decision chamber. As bees tend
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Invertebrate Memory: Honeybees
with a Sense of Déjà Vu
Recent studies of visual sequence learning in honeybees have
investigated the bees’ ability to perform delayed-matching-to-sample
and their short-term memory during such tasks. The insect’s
successful performance raises questions about the underlying
mechanisms.
